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US ATLAS 
HL-LHC Upgrade  
BASIS of ESTIMATE (BoE) 
 

Date of Est:  
3/31/2017 
Prepared by:   
 Mark Oreglia  
Responsible Inst: University of Chicago 
Docdb #: HL-LHC-doc-28 

WBS number:   6.5.1 
                         

WBS Title: Tile Calorimeter Main Board 

WBS Dictionary Definition:  
This WBS covers the fabrication of the main boards (MB) which manage the data flow, power distribution, monitoring, and 
calibrations of the Tile Calorimeter (TileCal) front-end electronics.  This includes the design, layout and construction of the 
printed circuit board (PCB), procurement of commercial components, and board assembly, burn-in and testing.  It includes 
the costs of prototypes and the intermediate steps required to validate the board design.  1,024 boards are needed for the 
detector. 
Estimate Type (check all that apply – see BOE Report for estimate type by activity): 
 
___ Work Complete 
___ Existing Purchase Order 
___ Catalog Listing or Industrial Construction Database 
_X_ Documented Vendor Estimate based on Drawings/ Sketches/ Specifications 
_X_ Engineering Estimate based on Similar Items or Procedures 
_X_ Engineering Estimate based on Analysis 
_X_ Expert Opinion 
 
Supporting Documents (including but not limited to): Attachments 1-6 
 

 
 
Details of the Base Estimate (Explanation of the Work) 
R&D Phase 
The R&D phase during CY2017-19 consists of several design iterations based on feedback from bench- 
and beam-tests of prototype demonstrator units. ATLAS requires radiation certification of the 
components according to a strict rubric (single-batch component purchases lessen the certification 
burden); this requires design and construction of radiation certification boards followed by exposure to 
ionizing radiation and hadron beams, and finally assessment of performance.  
 
MREFC Construction Phase 
Production tasks include procurement, monitoring of outsourced assembly, elevated temperature burn-in 
of cards with testing and repair, shipping to CERN, and assembly onto the TileCal “drawer” mechanical 
structure for acceptance testing at CERN.  Preproduction of 100 boards is needed prior to the Production 
Readiness Review (PRR).  These will be used as spares since experience with the current TileCal 
detector has shown that approximately 10% of on-detector parts are needed as spares for replacement of 
non-functioning units during access periods. 
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Total Cost By Task Group 
       Sum of Value 

    
    

 
Labor Hours Labor Cost Material Cost Travel Cost Total Cost Contingency 

BCWS 19,091 1,657,251 1,728,892 131,309 3,517,452 728,245 
6.05.01.01 / UCH Chicago 19,091 1,657,251 1,728,892 131,309 3,517,452 728,245 

01 - Demonstrator - 2 Beam Tests  317 31,462 90,000 6,476 127,939 1,295 
Engineer 267 28,183 

  
28,183 0 

Equipment 
  

90,000 
 

90,000 0 
Foregin Travel 

   
6,476 6,476 1,295 

Technician 50 3,280 
  

3,280 0 

     
0 0 

02 - Radiation Certification  1,750 175,761 30,000 7,108 212,870 59,213 
Domestic Travel 

   
632 632 126 

Engineer 1,523 160,938 
  

160,938 46,862 
Equipment 

  
30,000 

 
30,000 5,000 

Foregin Travel 
   

6,476 6,476 1,295 
Technician 227 14,823 

  
14,823 5,929 

     
0 0 

03 - MB Final Design  1,621 167,225 30,000 6,671 203,896 70,351 
Engineer 1,444 155,681 

  
155,681 57,399 

Equipment 
  

30,000 
 

30,000 7,000 
Foregin Travel 

   
6,671 6,671 1,334 

Technician 177 11,544 
  

11,544 4,618 

     
0 0 

04 - Pre-production  5,030 505,234 356,924 24,847 887,004 281,713 
Domestic Travel 

   
335 335 67 

Engineer 3,875 437,192 
  

437,192 181,855 
Equipment 

  
356,924 

 
356,924 69,270 

Foregin Travel 
   

24,512 24,512 4,902 
Student 241 5,586 

  
5,586 2,039 

Technician 915 62,456 
  

62,456 23,579 

     
0 0 

05 - Production Batch 1  1,041 82,379 975,646 9,187 1,067,212 117,082 
Domestic Travel 

   
89 89 18 

Engineer 481 55,572 
  

55,572 12,318 
Equipment 

  
975,646 

 
975,646 97,565 

Foregin Travel 
   

9,099 9,099 1,820 
Student 281 6,883 

  
6,883 1,377 

Technician 279 19,925 
  

19,925 3,985 

     
0 0 

06 - Production Batch 2  640 44,243 18,067 180 62,489 10,883 
Domestic Travel 

   
180 180 36 

Engineer 241 28,481 
  

28,481 5,696 
Equipment 

  
18,067 

 
18,067 1,998 

Student 281 7,089 
  

7,089 1,418 
Technician 118 8,673 

  
8,673 1,735 

     
0 0 

07 - Production Batch 3  640 44,419 18,305 182 62,907 10,751 
Domestic Travel 

   
182 182 36 

Engineer 241 28,619 
  

28,619 5,724 
Equipment 

  
18,305 

 
18,305 1,831 

Student 281 7,089 
  

7,089 1,418 
Technician 118 8,711 

  
8,711 1,742 

     
0 0 

08 - Production Batch 4  640 44,419 18,305 182 62,907 10,751 
Domestic Travel 

   
182 182 36 

Engineer 241 28,619 
  

28,619 5,724 
Equipment 

  
18,305 

 
18,305 1,831 

Student 281 7,089 
  

7,089 1,418 



            Page 3 of 17 
     

Technician 118 8,711 
  

8,711 1,742 

     
0 0 

09 - Production Batch 5  640 44,419 18,407 182 63,008 10,761 
Domestic Travel 

   
182 182 36 

Engineer 241 28,619 
  

28,619 5,724 
Equipment 

  
18,407 

 
18,407 1,841 

Student 281 7,089 
  

7,089 1,418 
Technician 118 8,711 

  
8,711 1,742 

     
0 0 

10 - Production Batch 6  640 44,419 18,305 
 

62,725 10,714 
Engineer 241 28,619 

  
28,619 5,724 

Equipment 
  

18,305 
 

18,305 1,831 
Student 281 7,089 

  
7,089 1,418 

Technician 118 8,711 
  

8,711 1,742 

     
0 0 

11 - Production Batch 7  640 44,419 18,305 182 62,907 10,751 
Domestic Travel 

   
182 182 36 

Engineer 241 28,619 
  

28,619 5,724 
Equipment 

  
18,305 

 
18,305 1,831 

Student 281 7,089 
  

7,089 1,418 
Technician 118 8,711 

  
8,711 1,742 

     
0 0 

12 - Production Batch 8  640 44,419 18,305 182 62,907 10,751 
Domestic Travel 

   
182 182 36 

Engineer 241 28,619 
  

28,619 5,724 
Equipment 

  
18,305 

 
18,305 1,831 

Student 281 7,089 
  

7,089 1,418 
Technician 118 8,711 

  
8,711 1,742 

     
0 0 

13 - Production Batch 9  640 44,419 18,305 182 62,907 10,751 
Domestic Travel 

   
182 182 36 

Engineer 241 28,619 
  

28,619 5,724 
Equipment 

  
18,305 

 
18,305 1,831 

Student 281 7,089 
  

7,089 1,418 
Technician 118 8,711 

  
8,711 1,742 

     
0 0 

14 - Production Batch 10  640 44,943 18,363 182 63,488 10,861 
Domestic Travel 

   
182 182 36 

Engineer 241 28,906 
  

28,906 5,781 
Equipment 

  
18,363 

 
18,363 1,836 

Student 281 7,195 
  

7,195 1,439 
Technician 118 8,842 

  
8,842 1,768 

     
0 0 

15 - Production Batch 11  640 45,752 18,854 188 64,794 11,073 
Domestic Travel 

   
188 188 38 

Engineer 241 29,478 
  

29,478 5,896 
Equipment 

  
18,854 

 
18,854 1,885 

Student 281 7,302 
  

7,302 1,460 
Technician 118 8,972 

  
8,972 1,794 

     
0 0 

16 - Production Batch 12  640 45,752 18,854 188 64,794 11,073 
Domestic Travel 

   
188 188 38 

Engineer 241 29,478 
  

29,478 5,896 
Equipment 

  
18,854 

 
18,854 1,885 
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Cost Estimate Description 
 
Design and Prototype Phase Costs 
 
Prior to construction, there are three main activities. A final version of the boards for the demonstrator 
are being prototyped and tested, to be followed by a final design and prototype specific to the final HL-
LHC design (e.g., the analog trigger circuits in the demonstrator design must be removed). Full radiation 
certification of the components requires building PCBs and DAQ to monitor devices during radiation 
exposures, and final assessment and documentation. Finally, a pre-production run of 100 boards is 
required for the Production Readiness Review. Our labor estimates for these tasks are based on our work 
on the demonstrator program since CY2012. Materials costs are based on the same experience and are 
dominated by the cost to produce 100 Main Boards (documented in the appendices). Travel is needed 
for expert weeks and system design workshops at CERN, and radiation tests at CERN and domestic 
locations. 
 
Production M&S Costs 

Student 281 7,302 
  

7,302 1,460 
Technician 118 8,972 

  
8,972 1,794 

     
0 0 

17 - Production Batch 13  640 45,752 18,896 188 64,836 11,078 
Domestic Travel 

   
188 188 38 

Engineer 241 29,478 
  

29,478 5,896 
Equipment 

  
18,896 

 
18,896 1,890 

Student 281 7,302 
  

7,302 1,460 
Technician 118 8,972 

  
8,972 1,794 

     
0 0 

18 - Production Batch 14  640 45,752 18,854 188 64,794 11,073 
Domestic Travel 

   
188 188 38 

Engineer 241 29,478 
  

29,478 5,896 
Equipment 

  
18,854 

 
18,854 1,885 

Student 281 7,302 
  

7,302 1,460 
Technician 118 8,972 

  
8,972 1,794 

     
0 0 

19 - Production Batch 15  213 15,430 6,195 188 21,813 3,743 
Domestic Travel 

   
188 188 38 

Engineer 60 7,370 
  

7,370 1,474 
Equipment 

  
6,195 

 
6,195 620 

Student 70 1,825 
  

1,825 365 
Technician 82 6,235 

  
6,235 1,247 

     
0 0 

20 - Acceptance at CERN  602 74,137 
 

19,422 93,559 33,539 
Engineer 602 74,137 

  
74,137 29,655 

Foregin Travel 
   

19,422 19,422 3,884 

     
0 0 

21 - Expert Week at CERN  201 22,492 
 

55,203 77,695 20,038 
Engineer 201 22,492 

  
22,492 8,997 

Foregin Travel 
   

55,203 55,203 11,041 

     
0 0 

Grand Total 19,091 1,657,251 1,728,892 131,309 3,517,452 728,245 
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Cost of components and PCBs is taken from the Bill of Materials (BoM) for the production of prototype 
MB cards used in the “demonstrator” (a prototype Tile Calorimeter module currently undergoing testing 
at CERN) ; the BoM is shown in Attachment 1.  This BoM shows CY2017 retail prices by Digikey. Our 
EE expert is confident (based on much experience with Arrow as a supplier) that for a full production lot 
the more expensive IC’s, accounting for 87% of the cost, will realize a 20% or higher discount over the 
attached BoM.  To get the best batch pricing and best meet radiation certification standards, all 
components will be purchased in one lot. We also have quotes from PCB manufacturers and an 
experienced PCB assembly firm for production quantities. Shipping costs are estimated based on a quote 
from UPS based on the size and weight of the required crating and insurance. 
 
 
Production Labor Costs 
 
The Main Board is a complex 16-layer PCB with a large number of ball-grid mounted integrated 
circuits. Experience acquired during production of prototype boards for a demonstrator module proved 
that the assembly process by outsourced firms needs to be monitored by an experienced Electrical 
Engineer (EE) who can aid in debugging faults in the process early on. It is also important for a trained 
Electronics Technician (ET) to perform an initial test on bare PCBs and again as they arrive from the 
assembly house to detect and repair faults. The assembled boards are received from the vendor at the 
University of Chicago, where they are mounted in burn-in fixtures and monitored in real time during 
temperature cycling over a 5 day period to identify weak and faulty components. This process requires 
that the front-end cards (FEB, manufactured by a non-US group) be connected to the MB during the 
burn-in.  Experience from the production of the motherboards in the current detector, and especially 
2016 production of MB prototypes, suggests that approximately 5-10% of the boards will need rework 
due to faulty components or soldering.  Depending on the severity of the problem, the diagnosis and 
repair will be done by an EE or ET.  Undergraduate students (UG) will be employed to mount boards in 
the burn-in fixtures, monitor them periodically, and dismount and store units that pass. The head EE will 
maintain an inventory database containing test results and unit history. Experience by the Chicago group 
from the production of 1100 motherboards for the current ATLAS detector showed that the burn-in and 
repair process required about 75% FTE labor by an EE and a Scientific Research Associate (which 
would be covered in this project by two EE’s) and approximately 25% FTE oversight by the head EE. 
Shipping the boards in batches to CERN will incur materials and ET labor costs, and significant time by 
the EE is required at CERN to attend two expert weeks per year and train staff to do acceptance tests. 
Labor costs for the EE’s and ET working in the Electronics Development Group (EDG) incur no 
overhead. 
 
Labor FTEs are estimated based on experience with the recent prototypes produced for the demonstrator 
and our experience in producing the motherboards for the current ATLAS Tile calorimeter.  The work is 
broken down as follows. 
 
• Parts selection, negotiating select lots, inventory, test, stock: EE and ET. 
 
Then there are 15 overlapping 9-week cycles of MB production. The first lot of 40 MB has a learning-
curve factor, taking the same amount of time as the subsequent 13 batches of 80 MB. The last cycle 
produces the final 20 MB, but we allocate the same level of effort to cover final documentation, cleanup, 
and dismantling (or possibly production of more boards if yield permits). 
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For EACH CYCLE the tasks are 
• Manage parts, short-test bare PCBs (ET) 
• Oversee PCB assembly, initial testing, debugging with assembly house (EE,ET) 
• Mount in burn-in fixtures; supervise students, test, document (EE,ET,UG) 
• Diagnose, document, and repair failures (EE, ET) 
• Inventory, document, crate and ship to CERN (ET) 
 
At completion of production, the head EE will spend time at CERN for final QA, documentation, and 
integration. 
• Acceptance test training at CERN and system integration meetings 
 
The estimate of schedule and effort in the resource loaded schedule agrees within 10% with that 
expended in the production of the current TileCal motherboards.  The latter is broken down in detail in 
the attachments. 
 
Uncosted Labor 
In addition to the costed labor, production will require 20% of the faculty PI and 50% of a postdoctoral 
scholar and some fraction of graduate student participation as uncosted labor. Additionally, some of the 
mounting and acceptance testing at CERN is expected to be done by uncosted labor by collaborators or 
Chicago postdocs and students stationed at CERN. 
 
 
Travel Costs 
 
Travel to CERN by the EE is needed during the design and production phases to attend expert weeks 
and to train staff to do the acceptance tests. We have estimated that two week-long trips per year will be 
necessary, based on our experience in constructing the demonstrator as well as the motherboard 
production during 2000-2003; the average cost of a week at CERN is estimated to be $2570, exclusive 
of indirect costs.  A breakdown of this estimate is provided below.  Also included for the PCB assembly 
process are commuter trips to Schaumburg, IL, so the EE can debug the process with the assembly 
house engineers; this is a local trip incurring only mileage reimbursement of $50 per trip; there is no 
overhead on this travel by EDG staff. 
 
 
 
Assumptions: 
 
• Chicago “3in1” version of FEB adopted. MB components (no ADCs!) would be 15-20% lower for 

other FEB versions (but the same effort is needed for production and burn-in). 
• Negotiate 20% quantity discount on ICs (as has been the case on all our e-shop projects) 
• Timely receipt of FEBs from Clermont-Ferrand 
• Component failure rate < 10% (from experience with demonstrator) 
• MB rework rate < 15% (from experience with demonstrator) 
• Most of the acceptance testing at CERN is done by uncosted labor and collaborators 
 



            Page 7 of 17 
     

 
Schedule: 
 
ATLAS management has scheduled installation of the Tile Calorimeter modules to begin early in 
CY2024.  Consequently, the complete number of 256 tested and assembled drawers must be ready by 
CY2024Q2. To meet this target with available manpower and resources, 18 months of production are 
necessary over two years. These requirements call for the following timeline (calendar years): 
• 2018-19: final design and prototype 
• 2019/Q2: parts procurement and preproduction run 
• 2020/Q2: procurement for production runs 
• 2020/Q3 – 2022/Q3: production and testing of 1100 boards 
• 2021-23: acceptance testing at CERN and mounting on drawer structures 
• 2024/Q1: full system testing and start of installation 
 
 
Risk Analysis: in risk registry 
 
 
  
Comments: 
 
An alternative front-end card might be selected by the collaboration. Both possible alternatives (ASIC-
based QIE and FATALIC FEB’s) would involve somewhat simpler main boards since the ADC is on the 
FEB ASIC. In the event of an alternative FEB downselect, the Chicago role would not be significantly 
altered. Main Board production, burn-in, testing, and repair would be very similar to that estimated in 
this proposal.  
 
Note on Chicago Rates: 
The labor by EE, ET is supplied by the University of Chicago Electronics Development Group, which is 
a recharge operation that simply charges an hourly rate; therefore, there are no associated fringe or 
indirect rates. Material, supplies, and equipment costing less than $5000 are subject to a 58% IDC and 
are free of IDC if in excess of $5000. Travel is subject to the 58% IDC. Undergraduate students are 
costed at an hourly rate subject to the 58% IDC; a fringe rate of 7.2% (subject to the IDC) is charged for 
the summer quarter only. 
 
Note on Attached Quotes: 
Shown are quotes from 2015 and again from February 2017. They amount to nearly identical total cost. 

 
Attachments: 
 

• Attachment 1: Bill of Materials 
• Attachment 2: Vendor Quote: PCB assembly 
• Attachment 3: UPS shipping quote, with insurance 
• Attachment 4: Actual schedule of original Tile motherboard production 
• Attachment 5: Production rework for 2001-3 motherboards on current detector 
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• Attachment 6: Cost of 1 week trip to CERN 
  



            Page 9 of 17 
     

Attachment 1: Bill of Materials 
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Attachment 2: Vendor Quotes: PC boards and PCB assembly 
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Attachment 3: UPS shipping quote, with insurance 
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Attachment 4: Actual schedule of original Tile motherboard production 
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Attachment 5: Production rework for 2001-3 motherboards on current detector 
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Attachment 6: Cost of 1-week trip to CERN 
 
Air fare: estimate for round trip Chicago-CERN: $1800 
This is a list prepared by our Local Business Office representative of faculty air fares to CERN over the 
last year. 
 

 
 
Air fare: $1800 
 
Lodging: 7 days in CERN Foyer: $560 
 
MIE: meals and incidentals: $210 
Allowance of $30/day 
 
Total for one week trip (unburdened): $2570 
 
 
 
 

Depart Return Amount
12/7/2015 12/19/2015 $1,650.10
2/15/2016 2/19/2016 $2,428.16
2/19/2016 3/4/2016 $1,409.56
4/1/2016 4/16/2016 $1,707.56
5/20/2016 5/26/2016 $1,610.26
5/20/2016 6/3/2016 $1,434.36
7/15/2016 7/29/2016 $2,560.76
8/13/2016 9/2/2016 $1,710.26
10/7/2016 10/21/2016 $1,492.16
11/28/2016 12/9/2016 $1,784.36

TOTAL $17,787.54
AVERAGE 10 $1,778.75


